Rotationally resolved spectra of the C 2 Σ + -X 2 Π electronic system of the CH radical were measured using cavity ring-down spectroscopy in supersonically expanding, planar hydrocarbon plasma. The experimental conditions allowed the study of highly excited rotational levels starting from vibrationally excited states. Here we present some 200+ new or more accurately recorded transitions in the 0-0, 1-1 and 2-2 vibronic bands in the ultraviolet between 30900-32400 cm -1 (324-309 nm). The resulting data, compared to earlier measurements, allows for the determination of more precise molecular constants for each vibrational state and therefore more precise equilibrium values. From this an equilibrium bond length of 1.115798(17) Å for the C 2 Σ + state is determined. A comprehensive list with observed transitions for each band has been compiled from all available experimental studies and constraints are placed on the predissociation lifetimes.
Introduction
The carbon hydride (CH) radical has a long history in molecular spectroscopy. First detected in the laboratory in 1919 [1] , it was subsequently among the first positively identified extraterrestrial molecules [2] . CH can be found in many physical and astrophysical environments; it is for example the cause of blue colour of hydrocarbon flames, where it acts as an important reaction intermediate. In space, the CH radical is found in cometary tails [3] , stellar atmospheres [4] , protostellar accretion disks [5] , diffuse [6] and dense [7] interstellar clouds, as well in extra-galactic sources [8] . These sources span environments exhibiting a large range of thermodynamic properties. This has resulted in many transitions of CH being detected first in astronomical sources before their laboratory detection was established. The Λ-doublet transitions in the ground state were first detected using radio astronomy in 1973 [7] . Rotational constants for the ν=4 and ν=5 levels of the A 2 Δ state were derived for the first time using spectra from carbon enhanced metal poor stars [4] . These spectra also showed transitions of higher rotational quanta than were recorded in the laboratory for the B Π transition contributes to the Fraunhofer G-band that is used to study stars in a wide range of stellar types. Currently the most precise molecular parameters for the ground X 2 Π electronic state use transitions observed in solar absorption spectra recorded using the ACE-FTS instrument [9] . The optical absorptions of CH, and other diatomics like C2 and CN can be used to classify carbon rich stars [10] providing crucial information on the chemistry and radiation transfer in stellar atmospheres [11] . The CH spectrum is also an important tool in measuring 12 C/ 13 C ratios in space.
Accurate laboratory spectroscopic information over the widest range of rotational and vibrational quanta is needed over all wavelength ranges for further constraining astronomical models and aiding observations [12] . The Λ-doubling in the ground state has been studied at ever growing accuracy by Bogey et al [13] , by Brazier and Brown, [14] by McCarthy et al. [15] and ultimately by Truppe et al. [16, 17] who measured transitions with an accuracy of 3 Hz. This accuracy, when combined with astronomical observations, can put limits on a possible variation of fundamental constants for which the ground X 2 Π state is particularly sensitive [18] . The work by Gerö [19] reported rotationally resolved spectra of the optical and UV bands from the ground state to the A 2 Δ, B 2 Σ -and C 2 Σ + states. The A-X bands were studied further at higher precision by Brazier and Brown [14] and by Ubachs et al. [20] . The 0-0 vibronic band of the C-X transition was first studied by Heimer [21] , then by Herzberg and Johns [22] who included measurements on the 1-1 and 2-2 bands. More precise measurements on the C 2 Σ + -X 2 Π 0-0 band were made by Ubachs et al. [23] and an extended line list of this band was produced by Bembenek et al. [24] . More precise observations of the 1-1 band were reported by Li and co-workers [25] .
These existing data and line lists (i.e. overview of all observed and/or calculated transition frequencies) for the lower electronic states of CH (X -and C 2 Σ + ) were critically analysed and summarised by Masseron and co-workers [4] who combined data from many laboratory and astronomical sources to produce sets of self-consistent line lists and molecular constants for astronomical observations. We use their work as the basis for our assignments and fitting of a large number of new transitions in the UV C 2 Σ + -X 2 Π electronic band system. The vibrational levels of the X 2 Π ground state have been studied up to the v=5 level; here we fix the rotational constants for the X 2 Π state to those presented in Masseron et al. [4] who primarily used data from Colin and Bernath [9] . In addition to the experimental studies there are several high-level ab initio studies on the valence and Rydberg states [26] [27] [28] . Theoretical work on the potential energy curves of CH have predicted that the C 2 Σ + state interacts strongly with the yet unobserved 2 2 Σ + state [26, 27] .
Experimental
UV spectra of CH were recorded using pulsed cavity ring-down (CRD) spectroscopy [29] . The frequency-doubled output of a tuneable dye laser (SIRAH Cobra), running on DCM, was used to produce UV pulses (≈0.08 cm -1 bandwidth) which were coupled to an optical cavity with high reflectivity mirrors (R≈99.9%). Each pulse of light was confined within the cavity and the exponential decay of the ring-down was measured with a photomultiplier tube and oscilloscope. For a cavity length of 52 cm typical ring-down times amounted to 1.7 μs. This relatively short ring-down time was determined by the presently available quality of high reflectivity mirrors in the UV range. The red output of the dye laser was used to simultaneously record etalon and iodine (I2) transmission spectra for calibration purposes to achieve an absolute accuracy of each data point of ca. 0.02 cm -1 . The molecular radicals were produced in a plasma slit jet source that has been described in detail elsewhere [30, 31] . Briefly, a high-pressure (≈6 bar) mixture of acetylene (≈0.3%) diluted in argon is pulsed into a vacuum chamber by a solenoid valve (General Valve, Series 9) mounted in front of the slit with ca.1 ms opening duration. A 1000 m 3 /hr roots blower system keeps pressures below 0.1 mbar during jet operation. A high negative voltage (≈ -1000V) is discharged between electrodes isolated by ceramic spacers with slit openings of 3 cm × 500 μm. The discharge occurs over 300− 500 μs to create a planar plasma which dissociates the acetylene and facilitates molecule formation through collisions in the expanding plasma. This source has been shown to be capable of producing long chain hydrocarbon radicals such as C6H [32] or C9H3 [33] and supersonically cool them to rotational temperatures as low as 15-25 K. Here we used this source to study the much lighter CH fragment, for which a less effective cooling is expected. Labview routines were used to guarantee that cavity ring-down and plasma pulse coincide and for data acquisition. The plasma jet was used at 10 Hz and typically 15 ring-down events were averaged to generate one data point. ). The Q-branch region for each band is shown in Fig. 2 , where the N quantum numbers of assigned transitions are labelled above the spectra. The nearly equal observed intensities of the 0-0 and 1-1 transitions imply a vibrational temperature of at least 5000 K. Rotational temperatures also appear to be very high with observed transitions starting in the 0-0 band from N-values as high as 30. 
Results

Temperature distributions
The observed rotational intensity pattern shown in Fig. 2 cannot be reproduced with a standard Boltzmann distribution. For example, the intensities of Q11 transitions from N=1 to N=6 (31788-31794 cm -1 ) in the 0-0 band shown in the lower panel of Fig. 2 can be approximated with Trot≈500 K. However, at this temperature transitions of N=9 have a predicted intensity more than 10 times less than N=3 and for 500 K the observed band head at 31803 cm -1 cannot be reproduced at all. To reproduce the observed intensities of the transitions involving higher rotational states a much higher rotational temperature (ca. 5000 K) is required. At this temperature the transitions involving lower rotational states are predicted to have much lower intensities than observed. The non-Boltzmann conditions in the slit jet expansion can be explained by the large energy gap between rotational levels in CH and by the number of inelastic collisions with argon in the expansion not being sufficiently large to efficiently cool the plasma excited species. Cooper et al. [34] showed that the rotational energy relaxation of CH (in the A 2 Δ state) by collisions with argon are driven primarily via transitions of ΔΝ=+/-1 and that rates are highest at N=4 and drop by a factor of ≈100 at N=25 [34] . Thus, we presume that the CH radical is formed in a very highly rotationally and vibrationally excited state inside the plasma. While some lower rotational states are cooled, the energy gap between the higher states is too large and the relaxation rate is too slow and thus significant population remains at high rotational states. Similarly, the vibrational cooling is inefficient due to the large energy difference between vibrational levels (≈2800 cm Changes made to experimental conditions of the plasma and expansion generally support this supposition. Reducing backing pressure of the acetylene argon mixture from 6 bar to 1 bar did not change the relative intensity of rotational lines significantly (Fig 2. lower panel) . Likewise increasing the distance between the discharge source and the optical axis appears only to have a minor influence. When the valve is moved 4.7 cm away from the optical axis, thus allowing for continuing collisional cooling, a slight increase is observed in the lower rotational transitions and a small decrease is seen for transitions leaving from higher states (Fig 2. upper panel) . For an argon-dominated supersonic expansion this corresponds to measuring the molecules after ≈84 μs of free expansion. One would normally expect these variables to change the observed rotational spectrum, however the N=23 transitions are still observable in both cases. This suggests the molecules are either 'trapped' in the rotational states that these transitions originate from or that they are replenished via cooling from higher states. This observation is also consistent with conclusions derived from a plasma expansion study of the A 2 Σ + -X 2 Π electronic transition of the heavier CF [35] ; also here higher vibrational levels were found to be substantially populated, but rotational temperatures were low as CF can cool much easier, rotationally, given its much smaller rotational constant. 
Spectral analysis
The population of quantum states in all three vibrational levels ν=0,1,2, and up to large rotational angular momenta in the slit jet expansion was employed here provided information on a wide range of levels in the C 2 Σ + excited state. For the spectral fitting procedure, first each vibronic band was simulated in PGOPHER [36] using rotational constants for each vibrational state of the X 2 Π and C 2 Σ + levels as presented in Masseron et al. [4] . We kept the constants for the X 2 Π ground state fixed and used them to compute lower state combination differences to confirm our, and previous, line assignments. Using this simulation as a starting point, line positions from former studies were entered into the line list in PGOPHER with appropriate uncertainties (see below). For each vibronic band we extended the literature line list by adding our newly measured transitions or replaced line positions wherever our data has a greater estimated precision than that of previously measured transitions. In total 348 transitions from six studies were included in the fits, comprising as many as 216 new or improved line positions as derived from the work presented here. These line lists were then used to perform a weighted least-squares fit in PGOPHER of the upper state (C 2 Σ + ), while keeping the lower state constants fixed to the numbers available from Masseron et al. [4] . This yields the excited state constants listed in Table 1 .
0-0 band
For the 0-0 band there are three relevant sets of data from previous measurements. The most extensive line list is from Heimer [21] which has lines up to N=28 that were measured with an estimated precision of approximately 0.2 cm -1 [4, 25] , about 4 times less precise than in the present work. These lines are included only in our fit when no data from other measurements is available. All lines from the high-resolution study by Ubachs et al. [23] are included as they have the most precise line positions (≈0.004 cm -1 ), although only lower rotational energy levels were measured. A more recent study by Bembenek et al. [24] , performed in emission, reported line positions for 63 transitions. However due to a large background emission only 22 lines were included in their fit [24] . In total we measured 73 lines up to N=30 with an estimated precision of 0.05 cm -1 . The fit presented in Table 1 [24] , all weighted according to their estimated uncertainties. The full line list is presented in Table 3 , added as an Appendix. In order to fit all lines to within experimental uncertainties, inclusion of the M centrifugal distortion constant was required. A recent study on the same band of the CD radical (up to N=35) was able to fit the M centrifugal distortion constant to 8.22×10
-16 cm -1 [37] , i.e. two orders of magnitude lower than the value fitted here for CH. This difference may be due to a perturbation of the rotational energy levels present in CH but not CD.
A comparison of residuals (observed minus calculated line positions) using constants from Masseron et al. [4] (open triangles) and this work (solid circles) is shown in Fig. 4 . The newly observed transitions at higher rotational levels show very high deviations (up to 5 cm -1 ) from the calculated positions of Masseron et al. [4] . While this deviation can be fit by adding the extra centrifugal distortion constant, the large magnitude of the constant and the large deviations without it hint at a possible perturbation to this state. Theoretical studies on CH have indicated that there exists an anti-crossing between the potential energy curves of the C 2 Σ + and the (2)Σ + state [28] (also labelled as the D 2 Σ + state [27] ) which could push the rotational levels down. No anti-crossing could be observed in the rotational levels involved in the detected transitions here and perturbation fits that included an interaction with the (2)Σ+/D 2 Σ + state did not converge. Nevertheless, it is still suspected that the higher rotational levels of the C 2 Σ + state may be perturbed and therefore the fit results presented in Table 1 should be considered as effective parameters; extrapolation beyond the observed data using these constants should be performed with care. [23] (open triangles) and from Bembenek et al. [24] (open squares).
1-1 band
For the 1-1 band there is only one previous study with relevant data for inclusion in the present fit [25] . This double resonance experiment used the A-X band as a probe for the C ) and were combined with 46 transitions from Li et al. [25] . The full line list can be found in 
2-2 band
The only previous laboratory measurements of the 2-2 band are from Herzberg and Johns [22] who included lines up to N=8. In the present study we were able to measure 62 lines up to N=16 while only two lines from the previous study were included in our fit. The line list for the 2-2 band is presented in Table 5 (see Appendix). These new measurements increased the precision of the v=2 rotational constants by almost an order of magnitude compared to previously reported constants. The improved parameters are important in the determination of equilibrium parameters (section 3.5). Given the vast improvements in technology available to molecular spectroscopists, it is somewhat remarkable that it has taken some 50 years to improve upon the earlier laboratory measurements of this specific band. This is perhaps due to the difficulty in preparing large densities of molecules in such highly excited vibrational and rotational states, thus showing the utility of the source used in this work for spectroscopy on highly excited levels of small molecules. Figure 5 shows a small section of the spectrum with transitions from each of the vibronic bands displayed. This clearly shows once again the near equal intensity of each band. The intensity of the 2-2 band and a reasonably high Franck-Condon factor of 0.95 [38] prompted the search for the unobserved 3-3 band and although there are many unidentified features in the spectra none of these could be positively assigned to the 3-3 band.
Over all three vibronic bands 216 transitions were measured either for the first time or with increased precision. These were combined with previous measurements to produce improved molecular constants for the ν=0, 1 and 2 vibrational states of C 2 Σ + which are shown in Table 1 and compared to the constants from Masseron et al. [4] . It is clear that the constants compare very well, but that the larger data set presented here allows for further improved results. 
Equilibrium constants
From the rotational constants of the C 2 Σ + state (Table 1 ) and the previously determined constants for the ground electronic state, equilibrium rotational constants can be calculated assuming:
where Be and Bν are the rotational constants for the equilibrium and the ν=0,1,2 vibrational states, respectively. For a diatomic molecule the equilibrium rotational constant directly gives the equilibrium bond length and the fundamental frequency (ωe), anharmonic constant (ωexe) and vertical transition energy (Te) can be calculated. These are presented in Table 2 with a comparison to those found in Masseron et. al. [4] and ab initio values from Kalemos et al. [27] . The theoretical values are in good agreement with those determined here. The equilibrium rotational constant (Be) and the vibration-rotational interaction constants (αe and γe) are in reasonable agreement with Masseron et al. [4] . Note that the equilibrium constants reported in Masseron et al. [4] were presented without uncertainties. The higher uncertainties in the rotational constants (Table 1) should propagate to proportionally higher uncertainties for the equilibrium constants (Table 2) . 
Predissociation
In early spectroscopic studies Norrish et al. [39] had observed that the C-X band in CH is relatively weak in emission, while it is the strongest in absorption. [26] showed that predissociation occurs primarily via spin-orbit coupling to the B 2 Σ -state and produced a radiative lifetime of 85 ns. In combination with measurements of the experimental lifetime of the C 2 Σ + , ν=0 level, yielding 3.7 ± 1.0 ns for upper spin-rotational components (F1) and 8.0 ± 1.5 ns for the lower spinrotational (F2) components [23] , this implies a dissociation probability of 90% for the ν=0 level. The measurements of Li et al. on the ν=1 level constrained the line broadening due to predissociation for N=23 to be less than 0.1 cm -1 , thus the lifetime must be longer than 50 ps.
In the present study we observed linewidths of 0.20 ± 0.04 cm -1 for well isolated lines with no discernible change over higher rotational or vibrational states. This is illustrated in Fig. 5 , showing recordings of transitions probing all three vibrationally excited states C 2 Σ + , ν=0, 1 and 2 in a single measurement. The solid line in Fig. 5 is the experimental spectrum, whereas the dashed lines represent simulated line positions based on the constants shown in Table 1 , we conclude that the 0.2 cm -1 width is entirely instrumental, and a result from laser bandwidth and Doppler width. The Doppler broadening in the present slit-jet discharge expansion experiment was somewhat less than in the experiment of Li et al [25] , where constraints were given for lifetimes of C 2 Σ + , ν=1 levels.
Based on the measurements we can extend the information on lifetime broadening of the C 2 Σ + state. In C 2 Σ + , ν=0 rotational levels N=28-30 were probed for the first time. In view of the low signal-to-noise ratio lifetime broadening can only be constrained to less than 0.1 cm + , ν=2 level we find quantitative information on predissociation for the first time: lifetimes for N≤8 are estimated to exceed 100 ps, and for rotational levels up to N=16 to exceed 50 ps.
Conclusions
A pulsed high voltage discharge molecular source was used to create a planar, supersonically expanding plasma that proved to be a good source of rotationally and vibrationally highly excited CH radicals. The high rotational and vibrational temperatures are explained by the large energy gaps between states and the inefficient cooling of the argon expansion after plasma formation. This was spectroscopically useful as it allowed the high vibrational and rotational energy levels to be probed by cavity ring-down spectroscopy. This approach may be useful for other small and light molecules, characterized by large vibrational and rotational energy spacings. The recorded spectra were used to extend the experimental line lists of the ν=0, 1 and 2 vibrational levels of the C 2 Σ + electronic state and derive rotational constants reproducing the fully extended set with transitions. The more precise constants for the ν=2 state resulting from the work presented here, assisted in further constraining the equilibrium molecular parameters and predissociation lifetimes. This work along with the recent work on CD [37] , provides an excellent basis for molecular modelling and calculations. Although the C-X transition has a similar inherent strength as the A-X transition (T00=23173 cm -1 ), the latter has been of more utility for astronomers due to the accessibility and higher radiation flux in the visible spectral region [11] . The work on the C-X system may become beneficial when more sensitive UV telescopes, such as the World Space Observatory-Ultraviolet (WSO-UV) [41] come online or for measurements of sources that are brighter in the UV or where CH is more thermally excited. The bands reported here, also coincide with a wavelength domain in which diffuse interstellar band (DIBs) spectra along many different lines of sight have become available [42] and the search for excited CH transitions may be helpful in further constraining the processes involved in the formation of DIB carriers. In the meantime, the parameters may prove useful as input in radiation transfer models of stellar atmospheres [11, 12] .
Supplementary Material
Data for this work are presented in the form of PGOPHER files.
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